This report studies the cost effectiveness of sonic drilling based on performance data from the above mentioned demonstrations and estimates of expected performance. The baseline technologies are cable-tool (the primary drilling technology used at Hanford hazardous sites) and mud rotary (popular for fast drilling and used at Sandia). The primary benefit of sonic, as compared to the baseline technologies, is its ability to drill in all types of formations without introducing a circulating medium; as a result, little secondary waste is generated at hazardous sites.
Early demonstrations of sonic drilling were plagued by downtime due to drill string and drill head failures.
Later tests indicate that the drill head problems have, for the most part, been solved. Some improvements have been made to increase drill-string life. However, additional research and technology developments are necessary to mitigate this problem. Even so, based on the scenario results in this report, sonic appears to be a superior, cost-effective technology when compared to cable-tool for drilling in both hazardous and "clean" sites. It is also superior to mud rotary in hazardous sites. For the scenario based on ideal estimates of sonic drill rates, it appears that sonic also may be able to effectively compete with mud rotary in clean sites.
Introduction
Sonic drilling is an innovative environmental technology that has been tested at the Arid-Site VOCs Inte- 
Background
The idea of penetrating the earth using vibrational energy is not new. The tendency of wood or steel to vibrate when struck has been utilized to drive piles into the ground since Roman times. Not until this century, however, have high frequency, vibrational machines been successfully utilized to penetrate the earth. In the early 1960s, Albert G. Bodine, Jr. developed the first successful resonant pile driver. Previous attempts to develop such a machine had failed because the high forces involved tended to destroy the machine itself. Several large companies subsequently used Bodine's sonic driver, called the Bodine Resonant Driver (BRD), to drive thousands of feet of piling in many areas of the world. Despite its initial use and acceptance, the equipment and method were plagued with problems. In the thirty years since Bodine's original work, sonic drilling has experienced a somewhat "on again, off again" trend of development. During this time, various companies and individuals have invested time and money to improve the reliability of resonant sonic drilling. While finding some application in driving piles, it has remained a secondary technology and has received limited exposure and use in the field [ 13.
Despite its infrequent application, the resonant sonic drilling method has once again attracted attention, this time from the environmental restoration community. The most important factors contributing to the appeal of sonic drilling for environmental applications are that little or no circulation medium is required even under the most difficult conditions, and a minimal amount of waste is generated. These are not only important economic considerations but, in certain geological and/or contamination situations, may be requirements. These advantages may make sonic drilling an attractive new "tool" in the "t00lb0~'' of environmental restoration technologies. In 1993, three different sonic drilling rigs were demonstrated at the Sandia site. These were all newer rigs with many improvements over the rig previously demonstrated at the Hanford site. Technological advances in both the drill head and drill string resulted in much less downtime at Sandia than was observed at Hanford. This test demonstrated that sonic drilling has advanced sufficiently to be a viable drilling method and showed promise that further improvements in system components are possible.
Newer sonic drilling rigs were evaluated at the Hanford site as part of the joint CRADA under the TTP. A fundamental issue in the evaluation of a new environmental technology is the choice of the baseline technology (e.g., cable-tool, mud rotary, or auger drilling).
The large number of similarities in the purpose and performance of sonic and many other drilling technologies (e.g., installing monitoring wells, or taking continuous core in similar geological settings) make their application practically equivalent. As a result, the performance scenarios in this report serve only to provide a realistic context for comparison of the technologies.
To add realism to the analysis, we include in the cost comparison all relevant costs for drilling activities. Consequently, a cost difference between the technologies can be divided by the total baseline cost to show a percentage savings.
This report is intended to provide background information and the cost effectiveness of sonic drilling to managers of environmental restoration projects, both in govCost Effectiveness of Sonic Dri//ing March 1996 ernment agencies and private industry. The reader should the same. Adescription of the sonic drilling method, subpay careful attention to caveats discussed in this report to determine how this technology can best be utilized at a stantially taken from reference 4 is presented in the following 4.1 section. particular environmental restoration site. This report is not intended to be a detailed analysis of all possible scenarios, but is presented in a descriptive approach to be of general use to the DOE community.
Drilling
The sonic drilling rig (Figure 1) by the position indicator, it is removed via a wireline retrieval system. -7-pler is normally a 5-inch OD by 4-inch ID, 2-foot-long, stainless-steel assembly. Extended length samplers have since been designed to further address the temperature concerns. The sampler is vibrated into the ground using the same energy transfer mechanisms used for drilling.
The drill pipe remains stationary while the sample is being obtained. Other methods are being utilized to improve sample temperature and quality, including reduction of drilling frequencies and rotation rate. Using these techniques, Hanford reports "soil disturbance comparable to samples taken using cable-tool methods [2] ." However, they note, "further study of factors such as lithology, penetration rates, amount of vibration, rotation, should be studied in detail to improve the quality of the core runs [2]."
Well Completion
A standard Hanford ground water monitoring well has a permanent stainless-steel casing installed prior to the removal of the drill pipe. With sonic drilling, the drill pipe is the temporary casing which is used to temporarily stabilize the hole. The permanent stainless-steel casing is lowered inside the drill pipdtemporary casing. As the drill pipekasing is removed, an annular seal (such as bentonite clay) is placed between the permanent casing and the formation to prevent downward migration of contaminants along the annulus of the well.
During back-pull with the sonic system the drill pipe is vibrated and can be rotated. The vibration tends to fluidize (sustain continual movement) the soil particles adjacent to the drill pipe and allow the pipe to be easily withdrawn from the ground. The combination of vertical hydraulic thrust with resonant vibration and rotation allows rapid back-pulling of the drill pipe. Drill pipe is removed from the well and each section is hydraulically unscrewed until all of the pipe is extracted. The completion of a 168-foot deep well at Hanford, in a single day, is indicative of the potential of sonic for expeditious turnaround.
Crew Size and Experience
Sonic drilling normally requires one driller and one or two helpers depending on the rig size. As with other drilling systems, such as core drills and cable-tool drills, the driller must have extensive operational experience on the rig. The crew for a typical hazardous waste site investigation using the sonic drill system also includes: a field team leader, a geologist, a site safety oficer, a sampling scientist, a health physics technician, and two sampling technicians. The extra sampling technician, needed due to the rapid penetration rate of the sonic drill, makes the crew size one person larger than is typical of a cabletool drilling crew. For the cost analyses of this report, rates are based on 8-hour work days at Hanford and 10-hour work days at Sandia. Salaries for both Hanford and Sandia are based on Hanford burdened salary rates. Therefore, Scenario 1 (Hanford) and Scenario 2 (Sandia) results are not directly comparable. Scenario 3 assumes 10-hour days so that all technologies can be compared.
Rig Maintenance
At the first Hanford demonstration in 1992 the sonic drill required approximately 2.5 hours per week of preventive maintenance. The majority of non-preventive maintenance was required on components directly related to the sonic drill head. The air spring and multi-circuit hydraulic system were the two systems that required the most maintenance. The following factors heavily influenced the reliability of these components: (1) drilling conditions and the required depth of the well; (2) The cable-tool rig ( Figure 6 ) drills by driving a core barrel, which is 3 to 5 feet in length, into the sediments.
The core barrel is suspended 
Description of BaselineTechnologies

Cable-Tool Drilling
The cable-tool drilling method, also called the percussion, drive-barrel, or churn drill method, has been used to drill wells for more than 2,000 years. Prior to the development of mud rotary, it was the standard technology used for most forms of drilling [7] . It has been used at the Hanford site for 45 years due to its ability to contain contamination, minimi{ waste, and obtain samples and therefore is used as the baseline technology for the Hanford demonstrations. Cable-tool is a versatile method which can be used in the hardest and softest formations, for almost any depth and diameter. total depth (TD). With the core barrel method, addition of water is not normally required. If the formation cannot be penetrated in this fashion (e.g., hard rock formations), the core barrel is replaced with a drill bit as shown in Figure 7 . In a process known as "hard-tool" drilling, the bit is continuously lifted and dropped into the well. 
Geological Sampling
Geologic samples can be taken from the material removed from the core barrel or from the soil slurry if hardtool drilling is used. Split-spoon samples can be obtained by removing the drill bit or core barrel and attaching a split-spoon sampler. The sampler is driven into the ground by the repeated dropping of the drill tools on the sampler.
The drilling jars (Figure 7 ) allow the drill string to be raised and dropped repeatedly until the sampler has been driven the required distance. As with the sonic drilling system, the drill pipe remains stationary while the sample is being retrieved.
Well Completion
Completion techniques for the cable-tool method are similar to those used for the sonic system; however, instead of using the cable-tool drill to back-pull the temporary casing, hydraulic jacks are frequently used to extract the casing from the ground. By completing the well with the hydraulic jacks, the drill rig is available to drill other wells.
Crew Size and Experience
The cable-tool system requires one driller and one helper to operate the rig. In addition, the crew for the typical hazardous waste site location would include: a field team leader, a geologist, a site safety officer, a sampling scientist, a health physics technician, and one sampling technician. In total, this is usually one less person than for sonic and mud rotary.
Rig Maintenance
The cable-tool drill rig requires about two hours per week of preventive maintenance [4] . Repairs to the cabletool rig are seldom necessary and, if required, are usually completed rapidly in the field. In addition, the hydraulic jacks used for back-pulling cable-tool drilled wells are reliable and require limited maintenance.
Rig Cost
A pressure can also be applied to the drill string to help speed penetration rates. This pull-down force is derived from the weight of the rig itself through the use of chain assemblies that allow a portion of the rig's weight to be carried by the drill string. Direct mud rotary drilling is fast and versatile. It can be used for deep wells and for both consolidated and unconsolidated formations. However, the use of drilling fluid is problematic for hazardous site characterization because it introduces a large fluid volume which may require subsequent treatment as hazardous waste.
Drilling Fluid
The mud lubricant is pumped down the inside of the drill string and out through ports in the drill bit to provide 
Geological Sampling
Samples can be obtained directly from the stream of circulated fluid from the discharge flow before the settling pit. However, the quality of the samples obtained from the circulated fluid is generally not satisfactory for formation characterization. Drilling fluid also masks hazardous waste constituents making chemical analysis difficult. Split-spoon, thin-wall or wireline samples can be obtained in unconsolidated material by using a bit with an opening through which sampling tools can be inserted.
Drilling fluid circulation must be broken to collect samples. The rotary drill stem acts as casing as the sample tools are inserted through the drill stem and bit and a sample is collected. Typical practice at Sandia was to collect three 10-foot core samples per well, adding approximately a full day to the drilling schedule.
Well Completion
Completion techniques are similar to those used for the sonic system. As with sonic, temporary casing is not normally required unless overburden or multiple aquifers are encountered.
Crew Size and Experience
The mud rotary system requires one driller and two helpers to operate the rig. Otherwise, the crew is the same as for the cable-tool. Thus the entire crew is the same size as for sonic, substituting a drill helper for the extra sampling technician. 
Performance Comparison
Waste Generation
Hanford policy is to drum waste if it is from the water table or material from the vadose zone that is wet [41.
The primary advantage of the sonic technique is that no circulating fluid is needed to drill in any formation, so waste generation from above the water table is minimized.
For example, a 168-foot angle well in a carbon tetrachloride site generated only a single 55-gallon drum of waste.
Another estimate places the generated waste at as little as five gallons for a 150-foot borehole [5]. In fact, the amount of waste generated from rig decontamination may be greater than that generated from the drilling of the borehole. Five drums of rinsate waste were generated from the above angle well. However, it was noted that waste volume reduction can be attained with alternative cleaning methods [2]. The initial Hanford study reported an average of one drum per rig (three drums estimated for mixed waste). Waste containment is also excellent because the cuttings are confined to the core barrel.
Sample Quality
Sonic may provide performance benefits in core qual- 
Scenarios
Three scenarios were chosen for this report. Table 2 .
Scenario One
The first scenario compares sonic to cable-tool, and assumes a 100-foot well is desired at the Hanford site. A typical 3-inch completed well and 7-inch borehole is as- This is compared to the average for 10 cable-tool wells and boreholes drilled at Hanford in 1992. 
Scenario Two
The second scenario assumes a 300-foot well drilled at the Sandia site with comparison of sonic to mud rotary. 
Scenario Three
The third scenario assumes a 150-foot well. This scenario primarily differs from the other two in using estimated drilling and completion rates for sonic. These estimates are based on performance seen in the field at both Sandia and Hanford. To maintain an "apples to apples" comparison, estimated rates are also used for mud rotary. Cable-tool rates are actual rates from Hanford because that technology is sufficiently mature there.
However, because the numbers for sonic are estimates, one should be cautious about placing undue weight on the scenario outcomes.
Economic Comparison
The three scenarios outlined in Table 2 are analyzed for net-present-value life-cycle costs. These scenarios are comprehensive cost estimations for borehole drilling and/ or well completion. Some caveats must be mentioned.
The cost of the sonic rigs is estimated [6] . Even so, it is only a secondary contributor to the overall drilling cost (for example, it accounts for about 5% of the cost per foot calculated in Scenario 2). The biggest cost driver is the drilling rate, which impacts costs through the daily charges (most significantly, personnel costs). This highlights the need for the most accurate drill rate information that can be gathered. The current numbers are considered to be preliminary, thus the final cost estimates must be considered in kind. Mobilization and demobilization costs are assumed to be equivalent across technologies. This may not be the case at particular sites because these costs depend substantially on the local availability of the drill rig in question. Mud rotary is widely available, as is cable-tool in the Hanford area. Sonic, being a new technology, is at a disadvantage here. However, for a more consistent comparison, we extrapolate to a future period where sonic rigs may be more readily available.
As cable-tool often uses hydraulic jacks, rather than the rig itself, to back-pull the temporary casing (i.e., to complete the well), a second moWdemob cost may be incurred.
However, this is assumed to be offset by the availability of the original rig for use on other sites while completion occurs. Tables 3 and 4 describe the borehole and completion costs, respectively, for each of the scenarios and for the $491/drum [13] ). This represents a 67% cost savings. Table 2 indicates and Figure 9 graphically depicts the performance of sonic vs. cable-tool given the performance data of the initial Arid-site VOC ID at Hanford.
Scenario Two
Scenario One
Given these results, sonic is cost effective compared to cable-tool -it can complete a well for about one-third Table 2 Clearly, based on cost and environmental considerations, sonic should be seriously considered for large-scale drilling efforts in a hazardous site.
- Figure 11 **c Scenario 2-Sensitivity to percent hazardous waste. mance. As the sonic drill has achieved these quoted drill rates at Sandia, and noting that the lower drill rates achieved for 1992 were with older technology rigs and/or in an investigative (rather than "production") mode, the applied drill rates may not be as overly optimistic as they first appear. Certainly, more "mature" demonstration numbers validating these estimates are desirable. Given found that correspond to failure of the drill pipe, an acoustical monitoring system could be designed for the sonic drilling rig. Such a monitoring system would be able to predict drill pipe failure before it actually occurs. The drill string could then be carehlly withdrawn and replaced before the time consuming task of fishing broken drill string from the borehole would be required. Such information can also be used to assist in the drilling process itself by indicating when the system is approaching nonresonance. The investigation of the feasibility of a control module for remote operation in hazardous and highlevel waste sites, is also planned.
Scenario Three
Another area of possible concern is the potential impact of resonant energy transfer to the surrounding soils.
As part of the Westinghouse Hanford Company CRADA, extensomometers and accelerometers were placed in an array surrounding the drilling rig to investigate this possibility.
As part of the CRADA, a significant effort has been established to investigate and ameliorate the high drill pipe failure rate. Effort has been focused on pipe, joint, and casing development, including failure analysis, wet magnetic particle inspection [2], and eddy current examination [ 141. Note that significant headway had already been made in sonic head reliability (evident in performance differences between first and second integrated demonstrations).
Health and Environmental Risk
The most significant reduction in health and environmental risk that sonic drilling provides over conventional technologies is the minimal amount of waste gen- 
Regulatory Approval
The use of any technology in the environmental area is tightly constrained by regulations at both the state and 
Summary
The intent of this report is to create an unbiased pic- Significant progress has been made in addressing the early problems of failures and resultant downtime. Scenario 3 indicates a potential for cost-competitive drilling over a wider range of sites, and large advantages for hazardous sites.
Work is still needed to fully understand the potential for sonic under varying geologies, depths, and diameters.
But it is evident from this report that there is a significant opportunity for sonic drilling for environmental work. These costs were estimated to be $4,500. The cost includes approvals, preparation, a scheduler, team assembly and transport to the site, field equipment set up and check out, electricity and water arrangements, etc. Site PreparatiodFencing Cost ($ per borehole) These costs were obtained from the Means Heavy Construction Cost Data, 8th Annual Edition, 1994. The site preparation is related to site clearing at $0.10 per square foot. The fencing cost is for a 6-foot high chain-link fence at $13.30 per h e a r foot. Both of these costs were applied to an assumed area of 100 feet by 100 feet. Borehole Cost Before Permitting and Taxes ($) 
Taxes ($ per borehole)
The costs associated with taxes were obtained from Means Heavy Construction Cost Data, 8th Annual Edition, 1994. The sales tax was calculated using the current New Mexico (January 1995) gross receipts tax rate of 6.0625%. Social security and unemployment taxes were applied to the personnel costs at rates of 7.65% and 7.30%, respectively. (0) Used 5 1.5 as completion rate from Row N, Table 4 . (P) Estimate per Jeff Barrow, WDC 6-94, and based on 168 foot well completion in one day at Hanford (CRADA report). MobilizatiodDemobilization Cost ($ per borehole) There are no mob/demob costs during well completion with a sonic rig because the same rig is used for completion as for drilling.
This mobldemob charge is only added to the cable-tool and mud rotary completion estimates. The permitting costs were obtained from Means Heavy Construction Cost Data, 8th Annual Edition, 1994. This cost was calculated as 2% of the total job cost excluding taxes.
Well Completion Cost
The costs associated with taxes were obtained from Means Heavy Construction Cost Data, 8th Annual Edition, 1994. The sales tax was calculated using the current New Mexico (January 1995) gross receipts tax rate of 6.0625%. Social security and unemployment taxes were applied to the personnel costs at rates of 7.65% and 7.30%, respectively. 
